The impact of emulsifiers on the microencapsulation of d-limonene was investigated for the wall materials gum arabic (GA) or maltodextrin (MD) and their blend. The emulsifiers used were sucrose ester (SE), polyglycerol ester (PGE), and sugar beet pectin (SBP). SBP presented good emulsification ability and higher retention of d-limonene with various types of wall materials. On the other hand, SE was not recommended because of its unstable emulsion, resulted in very low flavor retention. For PGE, the flavor retention was strongly dependent on the type of wall material. Regarding to the physicochemical properties of spray-dried powder, the combination of GA and PGE produced a stable emulsion and had high flavor retention with low surface oil, while the MD and SE combination was not recommended because of unstable emulsion and almost no flavor retention.
Introduction
Microencapsulation of flavors in carrier matrices by spray drying is of great importance in the flavor and food industries. Reactive, sensitive or volatile ingredients (vitamins and/or flavors) can be turned into a more stable state through microencapsulation (Gouin, 2004) , enhancing the stability of the flavor core materials. Most food flavors are hydrophobic and have to be emulsified prior to pulverization. Gum arabic (GA) is the most commonly used emulsifier of food flavors, which also functions as a wall material for encapsulation. However, for effective flavor retention on spray drying, the emulsifier must be used in high concentration. Problems associated with obtaining a reliable supply of consistently high-quality GA have led many food scientists to investigate alternative sources of biopolymer emulsifiers for application in microencapsulation. The most important aspect for flavor encapsulation by spray drying is flavor retention, which is closely related with the stability and droplet size of emulsions in the feed emulsion (Liu et al., 2000; Soottitantawat et al., 2003) . There are several emulsifiers used for the emulsification of food flavors, while there have been few systematic studies on their use for microencapsulation by spray drying. This study investigated the encapsulation efficiency of sucrose ester (SE), polyglycerol ester (PGE) and sugar beet pectin (SBP), which are considered effective emulsifiers at low concentration.
Emulsifiers, either charged (ionic surfactants) or uncharged (nonionic surfactants), can be generally used in the emulsification process. Non-ionic surfactants are extensively used in food processing as emulsifiers and stabilizers. PGEs of fatty acids and sugar esters are the emulsifiers most frequently used for these purposes (Takaishi et al., 2006) . SBP can be applied as an emulsifier for microencapsulation of flavor. It is characterized by higher rhamnose, arabinose and galactose contents compared to citrus or apple pectin (Dronnet et al., 1996) . Microemulsions based on nonionic emulsifiers have been extensively investigated for their formulation, phase behavior, structural point of view, and also for the oxidation stability of the oil (Azuma et al., 2009; Tual et al., 2006; Takaishi et al., 2006) . Youan et al. (2003) reported an increasing interest in using SE in the microencapsulation process for stabilizing emulsions. Kwak et al. (2001) reported that polyglycerol monostearate could be used as an effective coating material to microencapsulate lactase using an airless paint sprayer. Drusch (2007) considered SBP as a novel suitwith the mass ratio of 1:2, since the blend is the most common and widely applied in the food industry. d-Limonene was used as a model flavor. Various combinations between wall materials and emulsifiers were used in this work. The composition of feed emulsion is shown on Table 1 . The total content of the wall materials, emulsifiers and d-limonene was constant at 36 wt% for all the solutions. For preparation of emulsion using SE, SE was dissolved in glycerol at 75℃, followed by adding d-limonene to produce a d-limonene gel according to Mitsubishi-Kagaku Foods Corporation (Tokyo, Japan). The concentration of PGE was based on the study by Noznick et al. (1973) , and the concentration of SBP was determined to be one seventh of GA, based on the recommendation by San-Ei Gen F.F.I., Inc. (Osaka, Japan). The pre-mixture was homogenized by a Polytron homogenizer (PT-6100, Kinematica, Littau, Switzerland) at 8000 rpm for a total of 3 min with a 30-s interval between every 1 min of homogenization.
Viscosity The viscosity of the emulsion was measured by an R/S Plus Rheometer (R/S-CPS Cone/Plate; Brookfield Engineering Laboratories, Inc., MA, USA) and cone spindle of C75-1 with a cone angle of 1° and diameter of 75 mm. Sample (2 ml) was placed in the plate sampler, with a temperature maintained at 25℃ by a constant low temperature bath (TBT 220 DA, Advantec Toyo Kaisha Ltd., Tokyo, Japan). The rotational speed of the cone spindle was increased linearly from zero to the maximum for the first 200 s, and decreased to zero for the second 200 s. The maximum rotational speed was 500 rpm, except for the GA·MD/SBP, MD/ SBP, and GA/PGE systems, for which 400 rpm, 200 rpm, and 250 rpm were respectively applied. All the samples were analyzed in duplicate and the data were presented as average values ± standard deviation (SD). able wall material for microencapsulation of lipophilic food ingredients by spray drying. The low quantities necessary for emulsification lead to similar costs in use compared to other emulsifying wall constituents like GA.
In this study, the effect of emulsifier addition to the standard wall material, the mixture of GA and/or maltodextrin (MD), on the microencapsulation of emulsified d-limonene prepared by spray drying was evaluated. The retention of d-limonene and the amount of surface oil were related to emulsion properties such as the emulsion viscosity, the average droplet sizes of the feed emulsion and the reconstituted emulsions. The surface and inner structural morphologies of the spray-dried particles were also observed.
Materials and Methods
Materials d-Limonene and GA were purchased from Nacalai Tesque Inc. (Kyoto, Japan). MD (with dextrose equivalent DE = 11) was purchased from Matsutani Chemical Industry Co., Ltd. (Hyogo, Japan). The emulsifiers used were SE, PGE and SBP, all of which were of food grade. SE consisted of 95% lauric acid with ester composition of 80% monoester and 20% di-, tri-, and poly-ester sucrose (L-1695, HLB = 16). PGE was decaglyceryn laurate (L-7D, HLB = 17). SE and PGE were kindly provided by MitsubishiKagaku Foods Corporation (Tokyo, Japan). SBP, which contained galacturonic acid, rhamnose, galactose or arabinose, and ferulic acid, was donated by San-Ei Gen F.F.I., Inc. (Osaka, Japan). Other chemicals used were of analytical grade from Wako Pure Chemical Co., Ltd. (Tokyo, Japan).
Preparation of emulsion The carrier solution consisted of a mixture of wall materials and emulsifiers. The wall materials applied were either GA, MD, or their blend. The standard wall material (control) was the blend of GA and MD V. Paramita et al. the glass bottle was shaken using a vortex mixer (VortexGenie 2, Scientific Industries, Inc., New York, USA) for 30 s. The extracted mixture was centrifuged at 3000 rpm for 10 min and the extracted amount of d-limonene was quantified by gas chromatography as described in the following section. Surface oil Powder (100 mg) was washed using 1 ml hexane. During washing, the surface oil was extracted, followed by filtering and collecting the filtrate in a glass bottle. The washing medium, hexane, contained 1 μl/ml cyclohexanone as the internal standard. The contacting time of hexane and powder was 60 s at ambient temperature (25℃). The accumulated permeate (1 μl) from 5 washes was injected to a gas chromatography to quantify the d-limonene content as described below. The amount of surface oil was presented as the sum of four analyses of permeates from totally 20 washes. All the samples were analyzed in duplicate and the data were presented as average values ± SD.
Materials Emulsion composition (wt%)
(a) (b) (c) (d) (e) (f) (g) (h) Control (GA·MD)
GA·MD/ SE

GA·MD/ PGE
GA·MD/ SBP
MD/ SE
MD/ PGE
MD/ SBP
GA/ PGE
Gas chromatographic analysis The internal standard method was used to calculate the d-limonene quantity. To make a calibration value, three bottles of standard solution of different d-limonene contents containing 1 μl/ml cyclohexanone in acetone were prepared. Each standard solution (1 μl) was injected into the gas chromatograph twice for each bottle of standard. The average peak area was used as a calibration value to calculate the amount of d-limonene.
The gas chromatograph system (GC-2010, Shimadzu Corporation, Kyoto, Japan) was equipped with a fused silica capillary column (30 m × 0.53 mm × 3.0 μm; Ulbon HR-1, Shinwa Chemical Industries Ltd., Kyoto, Japan) using a flame ionization detector at 230℃ with Nitrogen at 70 kPa. A splitless injection mode was used with a 0.5-min sampling time, and then the split ratio was controlled at 1:30. The column temperature was kept constant at 130℃.
Scanning electron microscopy (SEM) A scanning electron microscope (JSM 6060; JEOL Co., Ltd., Tokyo, Japan) was used to observe the microstructure of the spray-dried microencapsulated particles. The powder was placed on the SEM stubs using two-sided adhesive carbon tape (Nisshin EM Co., Ltd., Tokyo, Japan). In order to examine the inner structure, the microcapsules (attached to the stub) were fractured by attaching a second piece of adhesive tape on top of the microcapsules and then quickly ripping it off (Soottitantawat et al., 2003) . The specimen stub was subsequently Stability of emulsion In this study, the changes in average droplet size and size distribution were regarded as indexes of the emulsion stability (Liu et al., 2000) . The emulsion was diluted 100 times in distilled water followed by sonication for 30 min. The average droplet size and size distribution of emulsions were measured by a laser scattering particle size analyzer as described below. The stable emulsion was determined by the invariance of the average droplet size and the size distribution.
Spray drying of d-limonene emulsion The d-limonene emulsion was spray-dried in the Ohkawara-L8 spray dryer (Ohkawara Kakouki Co., Ltd., Yokohama, Japan) equipped with a centrifugal atomizer. The rotating disk size was 50 mm in diameter and 14 mm high. The spray dryer was composed of a cylindrical chamber (800 mm ID and 560 mm high), connected with a conical part (650 mm high and 60°). The feed flow rate was 30 ml/min, the atomizer speed was 30,000 rpm and the air flow rate was set at 110 kg/h. The inlet air temperature was 160℃ and the outlet air temperature was in the range of 98-104℃. The spray-dried powder was collected by a cyclone and was stored at −30℃ until use.
Emulsion droplet size and spray-dried particle size analyses The size distributions of feed emulsion, reconstituted emulsion, and spray-dried particles were measured by a laser scattering particle size analyzer (SALD-7100, Shimadzu Corporation, Kyoto, Japan) installed with a batch sample cell. The droplet size distribution of the feed emulsion was analyzed by dissolving about 2 μl emulsion in 6.5 ml distilled water. For analyzing the size distribution of reconstituted emulsion, 100 mg of powder were dissolved in 2 ml of distilled water. Then, about 20 μl of the dissolved solution was introduced into the batch sample cell containing 6.5 ml distilled water. A similar method was also applied to analyze the spray-dried particle size distribution. Powder (100 mg) was scattered in 2 ml 2-methyl-1-propanol, in which the powder is immiscible. In addition, 2-methyl-1-propanol does not react with the powder for agglomeration, does not affect the particle size by shrinkage or expansion, and has high dispersibility and wettability. About 50 μl of each dispersion was introduced into the batch sample cell containing 6.5 ml of 2-methyl-1-propanol. The volume-averaged diameter, D 43 , was used as a mean diameter for all measurements. Each sample was analyzed in duplicate and data were reported as average values ± SD.
Retention of d-limonene Distilled water (1 ml) was added to 0.1 g powder in a glass bottle and completely dissolved. Then, 4 ml acetone, which contained 1 μl/ml cyclohexanone as the internal standard, was added and tightly capped. To extract the encapsulated d-limonene, the mixture was heated on a heating block at 90℃ for 30 min, with every 10 min, than 100 mPa·s. SBP had potential to increase viscosity of the emulsion irrespective of wall materials. By applying SBP at no more than 1.4 wt% to the wall material GA·MD or MD, the viscosity of the emulsion increased up to around 200 mPa·s. A small amount of PGE mixing with GA also increased the viscosity of emulsion significantly (320 mPa·s). However, mixing with other wall materials, GA·MD or MD, PGE could not produce highly viscous emulsions. Analogous rheological properties were obtained for the systems using coated with Pt-Pd using a MSP-1S magnetron sputter coater (Vacuum Device Inc., Tokyo, Japan). The coated sample was then analyzed using the SEM operated at 2.0 kV.
Water content The water content of spray-dried powder was determined by the combination of the gravimetrical and chromatographic method. Powder (500 mg) was placed in a vacuum dryer (Yamato ADP-21, Yamato Scientific Co., Ltd., Tokyo, Japan) and heated at 90℃ for 20 h. Then, the dried samples were weighed in an analytical balance (Mettler Tolledo XS204, OH, USA). The value of water content was determined using Eq. (1), as follows:
where W H2O is the weight of water in the spray-dried powder, ΔW powder is the difference in powder weight before and after vacuum drying, and ΔW d-limonene is the difference in d-limonene content before and after vacuum drying, which was evaluated by gas chromatographic analysis as described above.
Results and Discussion
Emulsion properties and stability The viscous flow behavior of emulsions was similar to Newtonian fluid. Table  2 confirmed that most of the emulsions had viscosity less able average droplet size irrespective of the wall materials. Drusch (2007) and Leroux et al. (2003) suggested that SBP provided the best emulsifying properties and was able to produce fine and stable emulsions in the same manner as GA but at a much lower concentration. Figure 2 shows the effect of the average droplet size and viscosity on the retention of d-limonene for each combination of wall materials and emulsifiers. The droplet size was considered as an alternative indication of the stability of emulsion, since highly stable emulsions had their mean droplet size below 3 μm, except for the MD/SE system (Fig.  1) . Generally, higher d-limonene retension was obtained for the stable and viscous emulsions. The d-limonene retention in the control (GA·MD) was about 92%. Adding SBP to the control slightly increased the retention to 94%, as the viscosity increased. The high flavor retention is probably due to the high viscosity, as well as good stability of the emulsion (Fig. 1) . As Roos (2003) and Kieckbusch and King (1980) pointed out, in a highly viscous liquid the diffusivity of the flavor molecule decreases and the circulation flow inside the sprayed droplet ceases. For similar reasons, the MD/SBP system showed high retention of d-limonene (86%).
Effect of average emulsion size and viscosity on the flavor retention
The addition of SE or PGE to GA·MD or MD decreased the flavor retention. This behavior may be due to the unstable emulsion and relatively low viscous property. Unstable emulsions, prepared using GA·MD/SE, MD/SE and MD/PGE, retained less than 60% of d-limonene. There was almost no SE as the emulsifier. These results imply that the combination between wall material and emulsifier is a significant factor in determining viscosity of the emulsion. Figure 1 shows the droplet size distributions before and after 100-times dilution of the emulsion. We believe that a stable emulsion should not have pronounced changes in average droplet size and size distribution due to dilution or sonication. Most of the emulsions were stable, excluding the emulsion systems with GA·MD/SE, MD/SE and MD/PGE.
The GA·MD/SE system showed an increase in the average droplet size and a considerable shift rightward of the droplet size distribution. The MD/SE system resulted in a relatively stable average droplet size, although the size distribution changed. Nelen and Cooper (2004) reported that SE was known to be a good emulsifier, while Tual et al. (2006) found that aggregation of emulsion is enhanced by the presence of SE. For emulsion of the MD/PGE system, the average droplet size increased significantly by dilution. This means that the smaller emulsion droplets probably coalesced and formed bigger droplets. By visual observation, the MD/ PGE emulsion system resulted in very quick phase separation (less than 15 min).
On the other hand, the formulation systems of GA·MD/ PGE and GA/PGE gave very stable emulsions with sharp droplet size distributions. Noznick et al. (1973) reported that applying decaglycerol tristearate (PGE) into the GA solution stabilizes the emulsion better than conventional orange oil-GA emulsion. SBP also formed stable emulsions of reason- of microencapsulated flavor. Figure 3 shows the amount of surface oil on microencapsulated d-limonene formulations, together with the total d-limonene content in the powder. In general, the surface oil content was less than 1 mg/g-powder.
Microencapsulation of Emulsified d-Limonene
The amount corresponds to nearly less than 0.3% of the total d-limonene content, indicating very low surface oil on the microencapsulated flavor powder. The wall materials blended with SE especially showed very low surface oil because of the instability of these emulsions and high loss of flavor on spray drying. Analogous results were also obtained for the MD/PGE system. The addition of SBP increased the surface oil. This might be due to the good emulsifying ability of SBP stabilizing the surface emulsion during spray drying ( Figs. 1  and 2 ). Physical properties of microencapsulated flavor The internal structures of the powders were observed by SEM (Fig.  4 ). Vacuoles were found inside the powder while d-limonene embedded on the shell area. Powders with low flavor retention (4% of flavor retention for MD/SE and 26% for MD/ PGE) confirmed very few flavors embedded in the shell region. Especially for the MD/SE system, almost no flavors were embedded on the wall region. Other images except for MD/SE and MD/PGE strongly support the results of higher d-limonene retention.
The summary of physicochemical properties of the microencapsulated powders are listed in Table 3 . The average size of reconstituted emulsion represents the average size of the embedded emulsified d-limonene droplet in the spraydried powder. All of the systems had a smaller reconstituted size compared to the initial droplet size. This indicates that the larger emulsion droplets might have been disrupted durd-limonene retention for the MD/SE system, most likely due to the lowest emulsion viscosity. Although MD is known as a good film forming excipient during drying, the results indicates the difficulty in the selection of suitable emulsifiers. In the GA/PGE system, GA was not replaced by MD. The formulation gave very stable emulsion with the smallest average droplet size and highest viscosity, resulting in the highest flavor retention in this study (98%).
Relationship between d-limonene content and surface oil in spray-dried powder The lower surface oil is a requirement for a high quality of flavor powder since it can prevent undesirable oxidative reactions and enhance the stability ing atomization (Soottitantawat et al., 2003) . The requirement of high quality of microencapsulated flavor by spray drying should provide stable emulsion, high flavor retention, and low surface oil. The GA/PGE system is the only system to provide the requirements which gave stable emulsion and high flavor retention with low surface oil. The MD/SE system is not recommended for this purpose since it presented unstable emulsion and nearly no flavor retention.
Conclusion
The impacts of emulsifiers on the microencapsulation of d-limonene were investigated for the wall materials GA or MD, and their blend. SBP presented good emulsification ability and high d-limonene retention for various types of wall materials. However, the application of SE as the emulsifier is not recommended, since it presented unstable emulsion and very low flavor retention. PGE showed strong dependence on the type of wall material applied, which affects the flavor retention. Judging from the physicochemical properties of the microencapsulated powder, the recommended combination of wall material and emulsifier was the GA/PGE system, although the MD/SBP system was also a good encapsulant to d-limonene, with the exception of the surface oil content of the spray-dried powder. In this respect, further studies need to determine the effect of the emulsifier concentration on the powder properties, since in this study the concentration was restricted at low values compared to that of GA.
